A modeling framework for the class of piecewise linear switched systems is presented. Methods for abstraction using conservative discrete approximations are introduced and model checking is used for verifying specifications. A fairly complex example is treated, the main result being that abstraction is a promising tool for fully automated verification.
Introduction
The topic of hybrid systems deals with modeling, analysis and control of systems where behavior is a combination of continuous evolution and abrupt changes.
A special class of hybrid systems are switched systems, where system trajectories are continuous but may have discontinuous derivatives. We focus on this class here, and in particular those systems where the dynamics are governed by piecewise linear differential equations.
Our analysis consists of verifying properties of these systems against a given specification. This is done by obtaining discrete conservative approximations of the original system. Model checking is then applied to the abstracted system. If successful, the specification will hold for the original system. If not, we provide a counterexample.
The method presented originates from [2] . It is extended to deal with planning in addition to safety issues. A restriction to linear dynamics and switching surfaces facilitates use of efficient computation tools. This enables us to handle problems of interesting complexity.
F'urther details are presented in [l] .
Verification

Model
The hybrid systems considered are composed of three main components: a continuous time (piecewise affine) plant, a discrete event controller, and an interface consisting of switching surfaces (hyperplanes).
Abstraction
The set of plant states is defined by the partition imposed by the switching hyperplanes. Each region resulting from the intersection of halfspaces and hyperplanes becomes a discrete state.
The transition relation for our discrete approximation is defined in two different ways, depending on the specification at hand.
The first variant results in an automaton representing all transitions which can occur in the switched system. The second variant gives an automaton where transitions from a state are guaranteed to occur in a nondeterministic sense. We refer to the former as an outer approximation since it allows more behavior than the original system, and the latter as an inner approximation since it allows less behavior.
Model Checking
In the case of an outer approximation, guaranteeing that certain states are not reachable from some initial states in the discrete model implies that they are not reachable in the original model. Similarly, for an inner approximation, guaranteeing that certain states are reachable from initial states in the discrete model, irrespective of non-deterministic choices made, implies that the original model will eventually reach that state. Thus the former is suitable for examining safety properties while the latter can be used for planning. These facts enable us to apply model checking to our approximations.
When verification is unsuccessful, counterexamples are provided. These need to be analyzed in order to determine if they demonstrate real errors or if they are artifacts of our abstraction. Hence, the original (large) problem is reduced to analyzing in detail small subsets of the reachability graph. As an example of how the methods described can be applied, we consider a model of the chemical reaction process in Figure 1 . Given a model of the reactor and a controller design, we wish to verify that certain properties hold. An example trajectory obtained by simulating the hybrid model defined above is shown in Figure 2 along with the partition of the state space according to the interface. This trajectory might confirm with our ideas of normal operation, i.e., we would like the trajectory to gradually approach the operating region without exceeding allowed values on the way. We'll now try to be more specific about what we actually want and examine if this is achieved.
Verification Results
The controlled system should have the following properties:
Figure 2: An example trajectory
The controller should guarantee that the temperature is never above maximum.
The controller should guarantee that the tank is never empty and that it never overflows.
There shall exist an operating region where the temperature is neither high nor low and the fluid level is neither high nor low. Once entered, the region should not be left under normal operating conditions.
The operating region should eventually be reached when starting from the initial states.
It turns out that the above properties can all be verified (automatically) for the (automatically obtained) abstracted models. As a result, we can ensure that they hold for our hybrid model as well.
Conclusions
We have demonstrated successful application of hybrid model checking on a relatively complex example. The procedure is automatic and requires modest computation time (N 10 sec).
The proposed method brings no a priori guarantees of success. When it fails, we do not attempt to do any refinement of the original discretization. The method does not aid in the analysis of counterexamples. It is merely one item in an arsenal of tools required for verification of hybrid systems.
